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Optical coherence tomography (OCT) produces depth-resolved images of tissue microstructure. 1 In addition to the conventional reflectivity contrast, polarization-sensitive OCT (PS-OCT) provides retardance and optic axis orientation contrasts that originate from tissue birefringence. 2 Birefringence, the primary source of the polarization contrasts, is an optical measure of structural anisotropy. It is defined as the difference between the refractive indices for light polarized parallel and perpendicular to the optic axis. The polarization state of light traveling in birefringent tissue changes due to a delay between the orthogonal polarization components. The delay, known as retardance, is equivalent to the birefringence multiplied by the distance the light travels, and it can be represented by phase as one wavelength corresponds to 360 deg. It is important to realize that polarization-based optical systems relying on one illumination angle measure the "apparent birefringence" light encounters rather than the "true birefringence." 3 The measured optic axis orientation is defined in a plane (xy) orthogonal to the direction of light propagation (z) and can only yield a two-dimensional (2-D) projection of the axis of anisotropy.
Both azimuthal and polar angles are required to describe tissue axis orientation in three dimension. Polarimetric studies have been presented for describing the three-dimensional (3-D) optic axis orientation and intrinsic retardance. 4, 5 Computational methods based on OCT have been reported to extract 3-D orientation. 6, 7 Using retardance measurements (band spacing), a variant-incident angle PS-OCT has been reported to determine the polar angle of the optic axis of a uniaxial birefringent sample (tendon) as well as the true birefringence. 8 This method assumes or measures the ordinary refractive index and calculates the extraordinary refractive index and the polar angle using an equation derived from the definition of apparent birefringence. While the band spacing of retardance is accessible for highly birefringent tissue, a complete band may not be visible for weakly birefringent tissue for which the slope of retardance with respect to depth can be estimated. 9 In this letter, we propose a method to quantify the 3-D axis orientation of anisotropic tissues from the in-plane (2-D) optic axis orientations measured with different incident angles. While the axis orientation in a single plane can provide the azimuth of anisotropy, the polar angle can be calculated by using the retrieval method presented here. This method requires the axis orientation information in an additional plane by varying the incident angle. We use a custom polarization-maintaining fiber (PMF) based PS-OCT system and introduced calibration paths to dynamically remove the arbitrary offset of the in-plane axis orientation measurements of such systems. Without the calibration, the axis measurement is a relative measure in an unknown coordinate system that is potentially time varying. The polar angle retrieval method is tested by using a rat muscle sample orientated at different azimuthal and polar angles. After finding the polar angle, the actual birefringence of the sample is quantified.
Single mode non-PMFs 10 and PMF 11 have been used to realize PS-OCT. On one hand, polarization state in non-PMF changes due to a random birefringence; on the other hand, PMF preserves the linear states propagating in its orthogonal polarization channels. PMF-based PS-OCT has several advantages, but optical path lengths of PMF channels can slightly vary with environmental factors (fiber movement and temperature change) inducing an arbitrary offset for the optic axis orientation. The offset can be measured and removed by imaging a retarder with known axis placed next to the sample, 12 which may be hard to implement under a high-NA lens due to a short-working distance. Instead, we used calibration paths in this study. Calibration has also been reported for non-PMF-based PS-OCT to determine absolute fast axis orientation. 13 Figure 1 shows the optical system. Our earlier publication reports the main system (sensitivity: 98.6 dB; integration time: 50 μs). 14 Here, calibration units are added to the reference and sample arms to compensate for the arbitrary offset in the optic axis orientation measurement, and the sample was mounted on a rotational stage to vary the incident angle. Briefly, light (λ ¼ 840 nm, Δλ ¼ 50 nm) is polarized and coupled into a PMF channel. A PMF-based coupler splits the light into the reference and sample arms. In the reference arm, a quarter-wave plate (QWP) is orientated at 22.5 deg to return equal light levels to both PMF channels. The QWP in the sample arm is oriented at 45 deg to the incoming linear state, so that circularly polarized light is launched onto the sample. Light returning from the sample and the reference reflector (PR in Fig. 1 ) interferes in the PMF coupler and forms the basis of PS-OCT imaging. A custom spectrometer simultaneously records interference patterns on two spectra corresponding to the PMF channels. The spectrometer is based on a single CMOS line scan camera, on which two spectra are focused side-by-side.
The two spectra are extracted and interpolated to represent the interference-related spectral oscillations that are linear in k (wave number) space. An inverse Fourier transform is applied to each spectrum to obtain the complex depth profiles (A-line) that are in the form of A 1;2 ðzÞ expfiϕ 1;2 ðzÞg, where A and ϕ denote the amplitude and phase as a function of depth z and the subscripts represent the polarization channels. The reflectivity RðzÞ, phase retardance δðzÞ, and relative axis orientation θ 0 ðzÞ are derived from the magnitudes and phases of the complex depth profiles 15 as RðzÞ ∝ A 1 ðzÞ 2 þ A 2 ðzÞ 2 , δðzÞ ¼ tan −1 ½A 1 ðzÞ∕A 2 ðzÞ, and θ 0 ðzÞ ¼ fϕ 1 ðzÞ − ϕ 2 ðzÞg∕2 þ ϕ o . Note that ϕ o is the aforementioned arbitrary offset, which is removed from the measurement described as follows.
The reference arm after the QWP consists of a beam sampler that diverts ∼1% of the reference light to the calibration unit that includes a lens and a mirror (M1). The sample arm prior to the QWP also consists of a similar beam sampler for providing light to the second calibration unit, which is formed by a 45 deg polarizer, a lens, and a mirror (M2). The polarization-dependent loss is minimized by aligning the beam samplers at nearly normal incidence. 16 Each calibration unit couples equal power back to the PMF channels. Light from these calibration units interfere with each other in the coupler to generate two coherence functions, one on the main channel and the other on the cross channel, resulting in a surface in the depth profile. The depth location of this surface is adjusted by the mirror (M1, M2) locations, and it is typically located below the imaging area used for the sample. The phase information from the surface dynamically provides the arbitrary offset ϕ o , which is then subtracted from the sample's relative axis orientation data. Thus, the absolute axis orientation is obtained by θðzÞ ¼ θ 0 ðzÞ − ϕ o .
As the offset can be time dependent, we measured optic axis orientation of a known retarder at different time points. First, the retarder was orientated at 20 deg. Figure 2 (a) shows the relative axis orientation measurement (rectangles) fluctuating between ∼40 deg and ∼180 deg within a total of ∼5 h measurement time. The offset measurement (circles) from the calibration surface varied with the same trend; therefore, its removal from the relative axis orientation measurement successfully revealed the absolute axis orientation (triangles). The mean and standard deviation values of the orientation measurement are 19.4 deg and 1.9 deg, respectively. Then, the known retarder was rotated from 0 deg to 180 deg in 20 deg increments. Figure 2 In a spherical coordinate system, the polar angle Ψ and the azimuthal angle Φ describe the axis orientation of a birefringent fiber tract in 3-D. Considering a normal incidence of light along the z-axis, the azimuthal angle can be determined from the first axis orientation measurement θ 1 thus, Φ ¼ θ 1 . The polar angle, on the other hand, requires the axis measurement in another plane selected by varying the incident angle or by rotating the sample with respect to the light. Rotating the sample by an angle Ω x about the x-axis, we measure a second optic axis orientation θ 2 , which is a projection of the 3-D axis to the plane (xy 0 ). Note that the selected planes are always orthogonal to the beam direction. By using the definitions of the Cartesian and spherical coordinates, a rotation matrix and trigonometric identities in a right-handed coordinate system, the polar angle Ψ can be calculated by the following equation:
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Following the right-hand rule, positive Ω x means counter-clockwise rotation. Note that the inclination angle is simply calculated by α ¼ 90 deg − Ψ.
The polar angle (Ψ) calculation from Eq. (1) is simulated by setting the first in-plane axis orientation (θ 1 ¼ 0 deg, 30 deg, 60 deg, 89 deg) and the rotational angle (Ω x ¼ 30 deg). Figure 3 shows Ψ as a function of the second axis measurement (θ 2 ). While the equation works well for θ 1 ¼ 0 deg, 30 deg, and 60 deg (smoother curves), the sharp rise for θ 1 ¼ 89 deg is concerning as the noise on θ measurements would result in unreliable Ψ values. Therefore, Eq. (1) is not sufficient where the fiber tracts run on the yz-plane, because the rotation Ω x should not alter the measured in-plane orientations (θ 1 ≅ θ 2 ≅ 90 deg).
To test the polar angle retrieval method, we used a uniaxial segment of a rat biceps femoris muscle. The alignment of the muscle fibers appeared to be along one direction under a dissection microscope. A polar angle of −60 deg was created by placing the muscle sample on a right-triangular prism. The prism was mounted on a rotational stage to vary the angle of incidence. To define the 0 deg axis orientation, the tissue long axis should be aligned with or projected onto the x-axis. We measured the axis orientations (in xyand xy 0 -planes) with two different Journal of Biomedical Optics 070501-2 July 2016 • Vol. 21 (7) incident angles to test the method for four different azimuths set to 0 deg, 30 deg, 60 deg, and 90 deg. For each measurement, a cross section from a small region (∼0.5 mm) was scanned 20 times and the axis orientation was extracted by taking the peak value of the histogram (bin width: 3 deg). The mean values of the θ measurements were used in the calculation of the polar angle. The mean and standard deviations of the θ measurements are listed in Table 1 . For the azimuth set to 0 deg, 30 deg, and 60 deg, the calculated polar angles are within a few degrees to each other and close to the set value of −60 deg. The errors may arise from imperfect sample positioning, exclusion of water submersion to minimize the effect of refraction, local axis variation in the tissue sample, and noise in the measurements. The polar angle calculation for 90 deg azimuth is marked as an unreliable case. The reason is that, when θ 1 and θ 2 measurements both approach 90 deg, small variations of θ 1 and θ 2 measurements cause significant change in Ψ as shown by the sharp rise in Fig. 3 . Table 2 shows the results from the same muscle sample with various rotation angles, −30 deg ≤ Ω x ≤ 30 deg. Azimuth was fixed and measured as θ 1 ¼ −3.3 deg AE1.9 deg at Ω x ¼ 0 deg. After measuring θ 2 values for each Ω x , Eq. (1) was used to retrieve the polar angle. Negative (clockwise) and positive (counterclockwise) rotation angles both yielded polar angle values close to the set value (−60 deg).
To test the method for a different polar angle, the sample was mounted on a different platform making Ψ ¼ −45 deg. When Ω x ¼ 0 deg, θ 1 was measured to be −0.1 deg AE2.2 deg. θ 2 values were measured at different rotation angles, −30 deg ≤ Ω x ≤ 30 deg. Then, the corresponding polar angles were calculated. Table 3 demonstrates the results, which are close to the expected value.
True birefringence (Δn) can be defined as the refractive index difference between the fast and slow fiber axes that occurs at α ¼ 0 deg (equivalently, Ψ ¼ 90 deg). However, the retardance measurement with an existing inclination is related to apparent birefringence (Δn 0 ), which is correlated to true birefringence and inclination as Δn 0 ¼ Δncos 2 α. 3 Therefore, the measurements of Δn 0 (derivative of retardance) and α (or Ψ) yield Δn. The Ψ ¼ −60 deg dataset resulted in Δn 0 ¼ 5.31 × 10 −4 and the calculated polar angle of −66.3 deg (the first row of Table 1 ). Correspondingly, the true birefringence is calculated to be 6.33 × 10 −4 , which is close to the birefringence value of 6.74 × 10 −4 measured at a 0 deg inclination angle.
As mentioned, when θ 1 ≅ 90 deg, the polar and inclination angles cannot be calculated accurately from θ 1 and θ 2 measurements due to noise. In this case, the use of Eq. (1) would be problematic, because small variations in θ measurements would significantly alter the Ψ value (see the sharp rise covering the entire span of Ψ values in Fig. 3 ). To solve the problem, the sample should be rotated about the y-axis (Ω y ) for the third axis measurement (θ 3 ), which is then used with θ 1 in an equation E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 2 ; 3 2 6 ; 3 5 2
To test the polar angle calculation by Eq. (2), Ψ was set to 60 deg. The axis orientations in xy-plane (θ 1 ) and x 0 y-plane (θ 3 with Ω y ¼ 30 deg) were measured for four different azimuths set to 0 deg, 30 deg, 60 deg, and 90 deg. Table 4 shows the results. The unreliable case with Eq. (2) occurs at If the fibers are not inclined primarily toward the z-axis, the azimuthal angle obtained in the xy-plane with the first measurement (θ 1 ) can be utilized to determine which equation to use to calculate the polar angle accurately. For jθ 1 j ≤ 45 deg, Eq. (1) (with Ω x and θ 2 ) should be chosen to benefit from smoother curves in Fig. 3 (less error due to noise on θ measurements). Otherwise, Eq. (2) (with Ω y and θ 3 ) should be used because Ψ versus θ 3 curves (not shown) would be smoother than Ψ versus θ 2 curves.
High inclination angles reduce the apparent birefringence and make the axis orientation measurement with θ 1 unreliable. In fact, it is possible that θ 2 and θ 3 measurements can be more reliable than θ 1 . To compare the reliability of θ measurements, the retardance information could be used, as higher retardance is associated with smaller inclination of the axis with respect to the selected plane. Therefore, θ 2 and θ 3 measurements can be used together for calculating Ψ and representing the axis in 3-D. Although the method can quantify the 3-D axis of uniaxial structures, presence of several axes in a small region will complicate the analysis that requires further development.
When the tissue surface is on the xy-plane, the first measurement described here will be taken with normal incidence, which is the typical case for OCT imaging. However, using fixed illumination (along z-axis) and rotating the sample can induce refraction at the air-tissue interface that deviates the beam from the incident angle. Submerging the sample into water could reduce the effect of refraction on the polar angle quantification. If the sample surface is fixed and the beam is angled for the measurements, the effect of refraction should be considered as well.
In conclusion, we demonstrated a method to track the axis orientation of birefringent tissue in 3-D space using PS-OCT. Absolute in-plane axis orientations were quantified by dynamically removing an arbitrary offset. The axis measurements in different planes are used to calculate the polar angle completing the orientation information in 3-D. With this information, true birefringence can be quantified. The study has potential to facilitate quantitative imaging and mapping for the structural connections in anisotropic tissues. This includes, e.g., a comprehensive 3-D reconstruction of the brain and cerebellum that supports quantitative analysis on white matter content and circuitry. 
